L

>

g.N84- 2&(}\/4
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ABSTRACT

The baiance of wave action spectral density for a fixed wave-number is
expressed in terms of a new dimensionless function, the degree of saturation, b, and
is applied to an analysis of the variations of this quantity (and local spectral
level) at wave-numbers larje ccmpared to that of the spectral peak, that are produced
by variations in the ocean surface currents in the presence of wind input and wave
breaking. Particular care is taken to provide physically based representations of
wind input and loss Ly wave breaking and a relatively convenient equation (4.2) is
derived that specifies the distribution of the degree of saturation in a current
field, relative to its ambient (undisturbed) backgrouna in the absence of currents.
The magnitude of the variations in b depends on two rarameteis, Ug/c, where Ug i5 the
velocity scale of the current and c the phase speed of the surface waves at the
(fixed) wave-number considered or sampled by SAR, and S = (L/ A) (u*/c) , where L is
the length scale of the current distribution, A the wavelength of the surface waves
and u, the friction ve’ocity of the wind. When S is large "of order 10 or more} the
distribution of b is ir 2nsitive to currents for which Ug/c ~ 1, but when S is of
order unity or less, < gnificant variations in b are produced. A convergence zone is
assoc‘ated with 1 maximum in b relative to its ambient levels of

V1)
b, = f1+ 2 BT

4nrm ¢S

where m ~ 0.04 and n ~ 3. This would appear as a bright line in the SAR
imagery. In general, local maxima in b (and the return SAR signal) should be
observed if the local current strain rate scale

Y, -3/ 2
W/L 2 o012 9 N

A local divergence or upwelling reduces the relative de ree of saturation; when
S is small the reduction is by the factor (1 + 2U/c)-9/2 and continues until the
waves grow back to the equilibrium level under the influence c® the wind, A

divergence line :ould be imaged as a line across which vhe return decreases from
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the ambient Tevel upwind, to a Tow ~ level downwind, gradually recovering tc the
ambient.

1. iIntroduction

The variety of ins*ruments now available for active radio probing of the ocean
surface makes possible the observation over a wide area of oceanic features ranging
from capillary and microscale breaking waves to long ocean swells, Variations in the
return signal with position on the ocean surface gives indications of even large scale
features such as mesocscale ocean eddies and the distribution of surface wind stress.
The scales of the surface features responsible for the return signal depends upon the
wavelength of th incident radiation. When the angle of incidence on the water surface
is not close to normal, and the wavelength of the radiation is large compared with the
scales of occasicnal local cccurrences such as breaking waves, the return signal seems,
as a result of careful measurements such as those of Keller and Wright (1975) to be
predominantly the resuit of first or.ler Bragg scattering from freely travelling surface
waves, The wave-number k of the surface wave sensed is

k = 2“’5 $1n 9 1.1

where ki is the wave-number of the incident radiation and @ the angle of incidence;
the depression angle is 1o W- @ . A real or synthetic aperture radar (SAR) at a fre-
quency of 1.5 GHz resgonds to a surface wavelength of the order of 10cm at a depression
angle of 300 or so, and a high resolution image such as that from SAR gives, in the
pattern of intensity variations in the return sicnal, the pattern of local energy den-
sity of surface disturbances at this scale.

Some of these patterns are extremely intriguing. Beal et al. (1981) show a
number of examples obtained from SEASAT, one noteworthy one giving surface expressions
at this scale of tidal flow over the Davis Shoals, south and east of Nantucket Island.
Another, c¢ff the mouth of the Chesapeake Bay suggests a complex pattern of eddies (or
perhaps water masses); at high resolution the individual swell cres;ts can be discerned.
Fascinating as these images are, it is far from ciear how they should be properly
interpreted or what quantitave information they may contain. If we accept the premise
that the images are ~“rived primarily from freely travelling short gravity waves,
modified by longer waves and currents, then it should be possible to infer at least
some properties of the current field, in particular, from the imagery. The short gra-
vity waves sensed by the SEASAT SAR do have a significant 'lifetime' of propagation,
unlike capillary waves which are transient and fugitive, and their interaction with
longer waves and currents may significantly modify their distribution over the ocean
surface. The object of this paper is to determine the extent to which this can occur
and to seek relations by which quantitative information might be obtained from this
imagery.
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2. Action input and dissipation processes at short gravity wave scales.

Since we will be concerned with interactions betweena the short gravity waves
and surface currents, the wave dynamics are specified most conveniently by the balance
of action spectra] density N(k), which is related to the spectrum of surface displace-

ment W(k) b
. A
N = (gfe, (k) = (g/k)™ wik), (2.1)
o
wherelis the intrinsic frequency and Y (k) is normalized such that

fwe) ak + 5,

the mean square surface displacement. The spectral energy density of the wave field is

pgY(k), where p is the water density,

Following energy paths, the balance of wave action spectral density is given by

SN s Y 4 (Cov) N s - G Ty « S, =D, (2.2)

(see, for example, Phillips, 1980) where C = Vi o represents the group velocity and U
the velocity of the surface current. The exchanges of action density among different
wave components by wave-wave interactions are spec1f1ed bv the first term on the right,
in which T(k) is the flux of action spectral density in the wave-number plane. These
interactions, in a grav1ty wave system, are conservative so that the interval over all
k vanishes. The two remaining terms specify the spectral distribution of action input
from the wind and the loss of action density (which at these scales is predominantly
the result of sporadic wave breaking or possibly the formation of parasitic
capillaries). Our present degree of understanding of the three processes represented
on the right hand side of (2.2) decreases monotonically in the order in which they are
written though, a. we shall see, some useful progress can be made.

The specification of the wave field is completed by use of the kinematical
conservation equation

2.3)
ok (
-— k.U « O
Y JI(o + k- U)
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together with the condition that ¢k O and the dispersion relation giving the
intrinsic frequency in terms of the wave-number magnitude:

o = (gk)* (2.4)

If the underlying current is non-uniform, the wave-number k of an energy packet
varies as it propagates across the surface - k = k(x,t). On the other hand, in remote
seising by radar (such as the L-band SAR), the Bragg scattering condition selects an
almost fixed surface wave-number k in (1. 1), so that it is convenient in this context
to re-write (2.2) to refer to a fixed, rather than a variable wave-number. From (2.3),

ke

S—t . - ),‘ (f'. k UJ)
3 dc ak; RLY R
=T (ak' 33 Y av - k-‘ A\r.')

But since Vx k = 0 and Cj =37 3k,

bV
othe __“ ak“ = - b -
2 * of + (¢ 1U) ; 7 dxp , (2.5)
and since N = N(E,x,t),
>N N g, Uy dn _ oL
%Lg = 35 (¢ + UJ)ax,- kj dn; ok¢ | kg *Sw-D, (2.6)

now for a fixed wave-number k.

To progress beyond this point, we need some assessment of the magnitude and
nature of the terms represented schematically on the right of (2.2) or (2.5). The
spectral energy and action transfers have been investigated extensively by Hasselmann
and his co-workers, by West (1984) and by Fox (1976). There is little doubt that reso-
nant spectral energy transfers influence significantly the components near the spectral
peak and, as suggested by Kitaigorodskii (1984) over a range of higher frequencies up
to those for which c¢/u,~ 5 at most. Just above the frequency of the spectral peak,
the fractional rate at which action is acquired or lost by wave interactions per wave
period in an active wave field is of the order 10-4 (Phillips, 1980) and this can be
taken as an upper limit to the rate appropriate to smailer scales (0.1 to lm) of
interest here. Even so, it 1s, as we shall see, generally less by at least an order of
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magnitude than the rate at which action is acquired by snort gravity waves from the
wind, provided the wind is sufficient to produce any such components at all,

The energy transfer from wind to waves has been the subject of many theoretical
and experimental enquiries during the past twenty-five years which have, if nothing
else, demonstrated the complexity and variety of processes involved. At these small
scales with wind blowing, the wave components are certainly of finite amplitude, with
intermittently high curvature at their crests producing bursts of parasitic capillaries
and occasional breaking. Air fiow separation accompanies breaking as Banner and
Melville (1976) have shown and Banner (1984) demonstrates that an enhanced iocal energy
and momentum flux to the waves occurs as a result. Both the short waves and the wind
are moduiated and deflected by the longer waves and swei! sc that for the purposes of
providing a more concrete expression for S, in (2.2}, the best guide is given by the
results of careful measurements interpreted in the light of only very general theoreti-
cal consiierations. Plant (1982), suggests from an examination of such measurements

that
Sy(k) = 0,080 ( ua/e) cos®. N(K)
= me{us/c) N(Ki, say, (2.7)

where u, is the friction velocity, ¢ = (g/k)L?, the phase speed of the component and
the angle between k and the wind. Plant believes the numerical coefficient to be
accurate to within atout fifty per cent. Mitsuyasu and Honda (1984) give a similar
expression derived from their experiments, with a numerical coefficient of 0.07 but
with no directional factor included. Phillips (1980) estimated a coefficient of 0.05
and Gent and Taylor's (1976) numerical calculations give approximately 0.07 -- the
relatively small scatter of values obtained from independent calculations or sets of
measurements gives some confidence that this is a reasonably accurate representation
over the range 1> u,/c > 0.1 that includes most short wave cases of interest. The
specific directional factor (cos 8) suggested by Plant is less certain. Nevertheless,
the base of data he used is both extensive and carefully evaluated, so that (2.7) can
be adopted with reasonable confidence as a useful semi-empirical representation. Since
we are principally concerned with short wave components with wavelengths of 10cm or
more and with wind speeds of order 10 m/s or less, the pertinent values of u,/c do
occupy the range specified above and the fractional rate at which action is acquired
from the wind per wave period,

e
v Sw () 0-3 (Ua/c) cos®

o N(k)

ranges from 0.3 to 3 x 10-3 and is at least an order of magnitude larger than the net
rate associated with wave-wave interactions.
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[f the short wave components of the field have reached a state of statistical
equilibrium in a region undisturbed by currents, then dN(k)/dt = 0 and since for these
components V,.T is negligible, the densities of short wave breaking or parasitic
capillaries must adjust themselves so that the dissipation D balances the wind input
rate. Most previous observational studies on wave breaking such as those of and Toba
and Kunishi (1970) have sought direct rela tionships between the density of whitecap
coverage and wind stress, These implicitly assume such a statistical balance; our pri-
mary concern here is the response of the short wave structure when the balance is
disturbed. Whether or not a particular wave crest breaks depends, in fact, on its con-
figuration and time development and not directly on the wind peed, since (for example)
breaking can be induced by a local adverse current, independent of the wind sp.ed, and
suppressed when the waves overtake a locally favourable current. Accordingly, D must
be regarded intrinsically as a functional of the local spectral density, not the wind
speed; its dependence on wind speed arises only insofar as this influences the spectral

level or possibly, in the case of very short waves, as it influences the microscale
breaking criterion through the surface drift (Phillips and Banner, 1974).

The spectral level is conveniently specified by the dimensionless function

B = g k™ Nk) < k'w(s), (2.8)

which, in any particular spectrim, can b> regarded as a function of k/k,, where ko is

the wave-number of the spectral peak. This function can be called 'the degree of
saturation’, The simple idea of a saturation range at high wave-numbers of the . ravity
wave (Phillips, 1958) assumed a hard upper limit Bg, independent of k/k,, for B (the
saturation range 'constant'), any further increase in the spectral level being prohi-
bited by immediate wave breaking. Within the present conceptual framework, this
corresponds to a dissipation function D that is negligibly small when B <Bg but discon-
tinuous (and in fact undefined) as B+Bg. It is more realistic to assume that the
action dissipation rate D is a continuous function of the degree of saturation B that
is zero when B = 0, remains very smell while B is siunificantly less than the o'd
saturation range 'constant' when breaking is rare, and then increases rapidly when B

approaches Bg and short wave breaking becomes denser in space and more frequent in
time. 1Its form is then as indicated scheratically in figure 1,

Also shown in figure 1 is the wind source term (2.7) which can now be written
as
Swlk) » 0.0u cor®d (unfe)” gk™ B(k/k,) (2.9)
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from (2.8). For a particular wave-number th*s is linear in B to the accuracy of the
expression (2.7) and the slope increases quadractically with u,. The short waves are
in satistical equilibrium at the degree of saturation B defined by the intersection of
these two curves. Note that, according to this description, the degree of saturation
under equilibrium conditions may increase somewhat with wind speed, but the generally
good observational support for the original idea of a 'hard' saturaticn range indicates
that the variaticn wich wind speed must be weak and the curve of D as a function of B
must increase very rapidly indeed.

Before our specification can be completed for the spectral density of action
dissipation, there is one further conceptual difficulty that must be faced. Does the
function D for a particular wave-number depend on the degree of saturation at that
wave-number orly or on its value over a range of surrounding (or perhaps distant)
wave-numbars? An individual breaking event is localized in space within a distance
probably of order k-1; in Fourier space its influence is distributed over a range of
wave-numbers of order k. Also, the statistics of wave breaking at a certain scale
(defined by the phase speed of the breaking crest) cannot be expected in general to
depend on the spectral density or the degree of saturation at that scale alone, but
over a range of scales. Consequently the statistical characteristics of wave breaking
and the dynamical consequences of breaking on the wave field both involve a possibly
wide spectral range. 1If, however, the degree of saturation B is almost constant over
this range, a condition that might be anticipated under steady wind conditions, then on
similarity grounds one might assert that

D = gk-4 f(B) (2.10)

In situations in which a much longer swell is present, the degree of saturation of the

short waves will vary with respect to phase of the swell, being greater near the crests
(with local breaking) and much smaller in the troughs. Although an expression such as

(2.10) may hold locally, the overall mean rate of action di.sipation will depend not

only on the mean degree of saturation but also on the swell slope, and this further
parameter should be included in (2.10).

The function f(B) is illustrat'd only schematically in figure 1. Although its
detailed form is not known at this stage, it may be possible to determine some of its
characteristics more explicitly rrom laboratory or field ouservations. If the short
waves are in a statistical balance between wind and dissipation, in the absence of much

longer waves or swell, the degre: of saturation attained is defined by the balance of
(2.9) and (2.10):

00w aed [Usle) B = f(8). (2.11)
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The variation of the degree of saturation with wind stress (normalized by phase
velocity) is then

Y 2 (f_@)}
Sy T O70% sl ["5 & ). (2:12)

According to the simplest ideas of a saturation spectrum independent of wind speed, the
right hand side of (2.11) would be zero since the slope of f(B) is infinite at satura-
tion. On the other hand, if a variation with wind speed of B as specified by (2.12)

cou'ld be esthlished reliably, then this would define the siope of the curve f(B) nea-
equilibrium,

Another constraint is provided by the observation that the local action density
of these short waves on the ocean is stable to perturbations on a scale large compared
with the wavelength, in the sense that if locally the action density is high, the
increased spectral density of breaking raduces it, and if it is low, the decreased
spectral density of breaking allows the wind input to restore the equilibrium, The
larger, dominant wave components at large fetch and duration may show a 'groupiness' as
a result of the instabilities associated with non-linear wave interactions, but as we
have seen, the time scales of these instabilities at higher wave-numbers are negligibly
slow compared with those of the wind input and wave breaking. If under a constant wind
field, the degree of saturation B is perturbed by an amount B', then with the neglect
of the resonant interactions, we have for the rate of change of the perturbaticn in
action spectral density N',

i_'; : S, (B+@) - D(8+B')

Since N' = gk=4-1B' and in the equilibrium state Sw(B) = D(B), this can be expressed,
using (2.9) and (2.10) as

I

e mlas/e)* B o [f(8) - f(B+BY],  (2.13)

o
4]

}

o

1
a e
where m = 0.04 cos 8. For small perturbations B'

. fm(e)- Kfe

!
o N¢
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and the condition for statistical stability is

}g > m(‘c‘—‘)‘, (2.14)

re ek daas WREa A

which, in terms of figure 1, implies that the slope of the curve D as a function of B
must be greater than that of S, at the point of intersection (as, indeed, we had
anticipated). As u,/c increases, the equilibrium point rises and the slope df/dB at

the equilibrium point increases even more rapidly. If the curve f(B) can be expressed
reasonably accurately as a power law, the relaxation rate

¥ §:“£ - m (‘f)t} y (2.15)

can be expressed simply and explicitly in terms of u,/c. For, suppose that

PN ST S ~F w’:‘f iy “ﬁ‘“‘ﬁ‘!‘lq*“d’ul"ﬁ“‘ .

f(8) = aBn (2.16)
where n is certai.ly areater than one, then at equilibrium
mlug/e) 8 = aB”
so that f'(e) s -.aB”" = amfuuje)t
t and ¢+ min-JYlude) @ (2.17) Q
i

Ever though the numerical value of n is not known (one might guess something in the
range 3 to 5) this is a useful -esult. It can be written alternatively as

-~ -

Yoo min-) oy 97

(2.18)

showing that, for a given wind stress, the relaxation rate towards equil.brium
increases as the cube of the frequency for these short wave components,
441 o
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1f, however, the perturbation in B is not small, the expected strong non-
linearity in f(B) when B is small indicates that the recovery will be different for a
local increase in degree of saturation than it will be for o decrease. If the decrease
in B is such that f(B) is then negligible and breaking virtualily ceases, the recovery
will be initially at the undamped growth rate, (proportional to the slope of the line
in figure 1 marked S,) which may be much slower than r (proportional to the difference
in the two slopes at the intersection.) A large local increase in B is then expected
to disappear more rapidly by much enhanced breakirg than a large local decrease in
which breaking ceases. If, at equilibrium between breaking and wind input so that S, =
D, the degree of saturation is B,, then from (2.9) and (2.10)

m(u,/c)2 gk-4 By = gk=4 aB,"

when the representation (2.16) is usad. Consequently
a = m(u*/c)z Bol-"

and the balance of the last two terms on the right hand side of (2.16) can be written
in terms of this equilibrium level as

gk=4. m(u,/c)2 (1 - (B/By)N-1)B (2.19)

3. The influence of a background sea state on mean short wave properties at given k.

The short ocean wave components that are generally responsible for radar back-
scattering do not, of course, exisi in isolation. Longer waves or swe ! produce modu-
1ations in the intensity of the back-scattered return, measured by “right et al (1980)
w. h a spatial scale of variation that images the long wave field. Bc 1 (1981) has
made use of these modulations to study the evolution and propagation of swell across
the Atlantic continental shelf of the United States. Frequently, the orbital veloci-
ties ussociated with these longer waves are larger than the propagation speeds of the
short components sensed and ones intuitive feeling might be that an irregular or random
field of longer waves would might so scramble the propagation characteristics of the
shorter waves as to obscure any likelihood interpreting the large scale patterns in
their intensity in terms of currents. However, this particular concern does not seem
to be justified.

Consider a surface current field g(x,t) whose scales of spatial and temporal

variations L and T are large compared with the wavelength and period of long waves or
swell, the scales over which the tangential components of their orbital velocity u
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varies. Local mean values of the wave field, indicated by an overbar, are defined over
scales that are small compared with those of the current field but large compared with
those of the swell. Fluctuations or modulations produced by the swell are renresented
by the difference between the actual values and the mean values defined in this way.
Thus, the action density is represented as N(x,t) + N', ‘e short wave group velocity a
constant k {which varies because of the variations in th. local g at the surface as

the short waves ride over the swell) by C + C', and so forth., If the short waves are

everywhere close to saturation under the balance of wind input and wave breaking then
(2.5) can be written as

aN () ’

oV P) o -
W (GG ) G R o (G ) G s (NN (3.1)

where resonant wave-wave interactions are neglected, Ny is the enuilibrium value of N
in the absence of long waves or currents and ¥ the relaxation rate of the previous

section. Substitution of local mean and fluctuating quantities into (3.1) and
averaging gives

W F.owu. )N EEIZARY
3e - (G » Y )3%. - K Txe Jk;
- 7 : Y -~
TG e w) NN sy o — (R ), (3.2)

The left hand side of this equation has the same form as the original equation (2.5)
so that the influence of the swell on the mean action spectral density is represented
by the two new terms on the right, Now, to the first order, the wave-induced modula-
tions N' are proportional to N (Wright et al 1980) and to the root-mean square slope
of the long wave field, s are the local gradients with respect to x and k , so that
the covariance terms are of order ¢'o3N , wherefis the swell frequency. ~Their only

effect, then, is to modify slightly (by ordere* ) the equilibrium mean spectral levels
from that which would obtain in the absence of swell.

The fact that the swell can therefore be ignored in a consideration of the
local mean back-scattering from shc:t propagating waves is at first sight counter-
intuitive, but the essence of the matter is that the moduiation patterns at a fixed

wave-number are periodic and non-cumulative provided the swell slope is sufficiently
small that the dissipation response can be linearized.
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4, Variations in N produced by surface currents.

The dynamical balance (2.5) can be written in terms of the degree of satura-
tion B by substituting N g% k"W B(k) and the expression (2.18).

8 kok, dug RYARRY.

3—% - (C,-«U,);;", * 2“"?- o B M 5. Sk,
~ 4.1
s em(4 1. (2) 8 (4.1)

If the magnitude of the current variations is represented by U, and the length scale
over which they occur by L, then

Ui = Uo fi(x/L) = Upf(F), say
Also, if b(f) = B/B,, the local degree of saturation relative to its eqilibrium
level, then under steady conditions (4.1) can be written in dimensionless form as
e+ . Y
S u b q U, kg 3 vy 26 28
(g’ . zfa‘(’})ar,- MRS T “jb T A

- R () {e- 87T

S Ly AN 3

where ¢ represents the phase velovity and > the (fixed) wavelength gf {ne compere-
considerea.

It fs interesting to note that this equation avolves only two basic . .-ee-
ters, Uy/c expressing the strength of the current field and (L/ A) {u /¢)2 penra-
senting the combined influence of the wind, the scale of the current ?1eld and,
implicitly, breaking. This second parameter can also be written as

w i e s E(E)me(e)]
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where C is the group velocity. The latter form provides a useful physical interpreta-
tion of this parameter as proportional to the ratio of the time taken for an energy
packet to move over one scale distance L to the characteristic growth time of the
waves under the intluence of the wind alone. If this para meter is large, re-
adjustment of the waves is rapid in the time taken to tra verse the current variation,
so that the respunse in the relative degree of saturation is small., Small v~lues of
the parameter indicate situations where the re-adjustment time is long, so that one
might expect a significant response.

For the sake of definiteness, suppose that the l-direction in (4.2) is chosen

as the direction of the wave-number being sampled. The middle term on the left-hand
side then reduces to

a U 3
2 c ar,b

expressing the influence of converjence or divergence of the current. field in this
dire.tion., The third term involves the variation wi'h respect to magnitude and direc-
tion of the degree of saturation and must be considered when a current, varying in x,
is in the transverse direction so that energy paths are deflected. Little is known
(although much is speculated) about the angular distribution of the wave spectrum (r
b, so that in urder to obtain a sense of the magritude to be expected of the
variations in the local degree of saturation relative to the background, we will
neglect the variations uf b with k anu consider convergences or divergences only with
U = U(x3). In the flov over r-"atively shallor topography such as the Nantucket
Shoals, goth Tocal convergences (3U/dx < 0) and divergences (2U/d x > 0) car be
expected; under open sea conditions, divergences would be expected in regions of local

upwelling whle lccal convergences may be found along fronts, with one water mass
overriding another, slightly denser.

With £(8) = (f¢8), 0, o) , say, equation (4.2) reduces to

(31 -+ go F(')) }-g + g Us :-{ b » arm S (l—bn..)b » (4.3)

[

where 5 is the parameter (L/‘A)(u./c)z. The value of the index n, alihough greater
than 1, 1s not kiown at this time; for the purposes of these calculations n was taken
as 3. A smaller value gives a more gradual onset of ener.y i0ss by breaking as b
ircreases and so a larger response to convergences; a larger value reduces the
respcnsa.  This is shrun explicitly below. The wind is supposed to act in the x
direction also so that m = 0,04 and a current distribution of the form

£1) 2 {1+ damr s}
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was chosen. The equation (4.,2) was integrated numerically with b =1 at § = -2 for
various values of Uy/c and S, using an Apple Il computer. When Ugy/c < 0.5, equation
(4.3) has a mathematica] singularity at which the coefficient of the first turn
vanishes. In those cases, the integrations were performed following the direction of
the wave energy flow, from § = -2 to within oue step of the singularity and then fraom

§= + 6 back to the singularity since in this part of the physical domain, the backwards
energy convection of the current overcomes the forwards prupagation. If the waves on
the far side of the convergence zone have had sufficient fetch and duration to achieve
equilibrium, then b = 1 at ¥ = 6 also and it is found, somewhat surprisingly, that the
two branches of tre solution form a contiruous curve across the singularity at wnich
(12 + (Ug/c) f(8)) = 0. On the other hand, if the fetch or dura.ion on tiie far si.e
‘s limited, then b on the far side may be less than unity for these waves and a real,
physical singularity will occur a :his point. It seems that only ir this cas- will
an abrupt chznge in the return signal coincide with this sinoutlarity.

Scme results of these calculations are illustrated in Figure 2. Vher the
parameter S is of crder 10 or more, the responses of b to ‘he current fieid are smal’
and limite' essentially to the region of current shear. For smaller values of S, the
magnitude of the response increases; in a convergence (Ug/: < 0) the r2gion ov2- which
b is significantly greater than 1 remains iimited to the cinvergence ragion b-cause of
the relatively rapid reduction in wave energy by breaking. In & divergence, however,
the degree of saturation &t a given k reduces as a result of two effects - the
divergence spreads the action density out over a greater spatial intervél and (more
important) tie energy packet at the wave number observed after divergerce was, before
the divergence, at a larger v:iave-number or smaller scale, so that its action density
was less, At .ilues of S less than aoout 4, the recoverv Jistance of the wave ficld
after suppression is significantly greeter than L se inat the waves remain unsaturated
for a conside-able distance,

In a convergence zone, the maximum deyree of saturation relative to the
background occurs close to the point of maximum strain rate, when f{f) = 1, From
(4.3) this occurs when

[ L]

t:—: * 2fMm S('- ‘b“. )‘

so0 that the maximum contr-it is

A } V/iin =)

bmu- * { 1 + 4::. :? (4-4)
In the cases shown in Figure 2, n n n as 3; since the coefficient 9/4mm 2 20
20, bpax varies approximately as (uolc) for va\upq of S < 4 Ug/c or so. But the

value of the index n in the resresentation (2 15) cannot be regarded as known and, in
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fact, the expression (4.4) may aiiow it to be determined by field measurements of the
maximum contrast in the degyree of saturation at a fixed k in convergence zones over a
~ange of values of S and Ugy/c, although if n is significantly greater than 1 (as
expected), the dependence on n is rather weak.

A general conclusion from these computations is that if freely propagating
waves under the influence of wind and breaking are to experience a significant
variation in the degre- ./ saturation at a fixed wavelength » , then the second term
in the bracke. of (4.4, nust be grzater than unity, say, or that

Ve
s r owos (4.5)

Expresse. alternatively in terms of the striin rate in a convergence, a significant

response requires

ul
Vo Z 0-12 'T‘_:T},,
- gL > (4.6)

For_exampie, if u, = 20cm/s and A = 16 cm, then Uy/L must be greater than about 2 x
10~-2 sec-1, wrach is a very large oceanic strain rate outside frontal regions. Light
winds clearly favour a more sensitive response.

It should be noted, however, that for a given convergence field and wind
stress, (4.4) can be written as

% 3R ) Vin-)
Gt Usglt A

bm.v 2

the contrast in degree of saturation increases with wavelength, the smaller value of
Ug/c being more than compensated by the increase in s-1, Increased harmonic content
of these longer waves and denser breaking patches may give enhanced Bragg and specular
scattering that may possibly dominate the direct return from freely travelling waves
at the wave-number sensed by Bragg scattering in the tackground.

In a region of surface divergence (and upwelling), when S is small the reco-
very of the wave field by the wind is slow over the scale of the divergence, and the
reduction in b can be estimated by neglecting the wind input (and wave breaking) over
this interval. With Uyf(5) = U(¥), equation (4.3) reduces to

(i U_ér)):.‘i’ N E}’(V.é-’))ls -
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which integrates exactly to

<N
beg) = (1 + 2U(D/e) | (4.8)

since b = 1 when U = 0. This reduction (U(f) > 0) at a fixed wave-tiumber is, of
course, greater than for an energy packet or wave train at a fixed apparent frequency,

as calculated by Longuet-Higgins and Stewart (1960) since the waves elongated
by the divergence to the wave-number k had a larger wave-number and smaller spectral
density than the waves at wave-number k before the straining.

The SEASAT synthetic aperture radar imagery, such as that reproduced in the
book by Beal et al (198i; see especially pp. 22 and 96), offers a number of examples
that seem, in the light of these results, to be interpretable as lines of local con-
vergence or divergence. There is unfortunately little independent information on the
current field or the local wind stress so that attempts at a quantitative comparison
must avait imagery for which more complete documentation is available. Hovever, these
results do indicate the potential in synthetic aperture radar imagery for measuring
rates of strain in oceanic fronts and rates of upwelling over a substantial spatial
domain,
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Figure 1: Input from the wind, Sw’ and dissipation D of action
spectral density as functicns of the degree of saturation
B. The intersection specifies Bo’ the high wave-number
equi Tibrium value.
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Figure 2: Relative degrees of saturation b = B/Bo at a fixed

wave-number as functions of position in a local convergence

or divergence centered at x = O. In Figure 2a,

- (L/\) (u,/c)? = 12; in 2b, 4; in 2¢c, 1 and in Figure 24,
0.5. The three upper curves in each group represent the

]“p. convergence cases with UO/c = -1,2, -0.8 and -0.4; the

” three lower curves are for divergences with UO/c = 0.4,

Lcand 0.8 and 1.2. The black dots represent positions where

U(x)/c = 0.5.
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